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The plasma level of NO x , i.e., the sum of N02~ and NC>3~, is 
frequently used to assess NO bioavailability in vivo. However, little 
is known about the kinetics of NO conversion to these metabolites 
under physiological conditions. Moreover, plasma nitrite recently 
has been proposed to represent a delivery source for intravascular 
NO. We therefore sought to investigate in humans whether 
changes in NO x concentration are a reliable marker for endothelial 
NO production and whether physiological concentrations of nitrite 
are vasoactive. N0 2 ~ and N0 3 ~ concentrations were measured in 
blood sampled from the antecubital vein and brachial artery of 24 
healthy volunteers. No significant arterial-venous gradient was 
observed for either NC>2~ or N03~. Endothelial NO synthase (eNOS) 
stimulation with acetylcholine (1-10 /xg/min) dose-dependently 
augmented venous N0 2 " levels by maximally 71 %. This effect was 
paralleled by an almost 4-fold increase in forearm blood flow (FBF), 
whereas an equieffective dose of papaverine produced no change 
in venous N02~. Intraarterial infusion of N02~ had no effect on FBF. 
NOS inhibition (N G -monomethyl-L-arginine; 4-12 /mmol/min) dose- 
dependently reduced basal NC>2~ and FBF and blunted acetylcho- 
line-induced vasodilation and NO release by more than 80% and 
90%, respectively. In contrast, venous N03~ and total NO x re- 
mained unchanged as did systemic arterial N0 2 " and N0 3 ~ levels 
during all these interventions. FBF and NO release showed a 
positive association (r = 0.85; P < 0.001). These results contradict 
the current paradigm that plasma N0 3 ~ and/or total NO x are 
generally useful markers of endogenous NO production and dem- 
onstrate that only N0 2 " reflects acute changes in regional eNOS 
activity. Our results further demonstrate that physiological levels 
of nitrite are vasodilator-inactive. 

endothelium | blood flow | red blood cells | endothelial dysfunction 

Previous experimental studies have demonstrated that the 
endothelium plays a crucial role in the maintenance of 
vascular homeostasis (1-4), including control of thrombosis, the 
interaction of platelets and leukocytes with the vessel wall, and 
regulation of vascular tone and growth. Among the various 
mediators released by the endothelium, nitric oxide (NO) is of 
major importance (5). NO is synthesized from the amino acid 
L-arginine by the constitutive calcium- and calmodulin- 
dependent endothelial isoform of endothelial NO synthase 
(eNOS; ref. 6). A disturbance in either production or availability 
of NO is thought to be responsible for the functional alterations 
that are associated with endothelial dysfunction and plays a key 
role in the development of atherosclerotic lesions. Because 
endothelial dysfunction is a crucial step in the inflammatory 
cascade leading to atherosclerosis (7), which precedes overt 
clinical manifestations, the assessment of an altered NO avail- 
ability is of potentially important diagnostic and prognostic 
significance. Identification of such alterations may help targeting 
asymptomatic individuals who are at risk for cardiovascular 



diseases and would likely benefit from preventive measures. 
Traditionally, a pathological vasoconstriction in response to the 
administration of acetylcholine (ACh) in a regional vascular bed 
is taken as an indication for the impairment of endothelial NO 
production in the human circulation (8). The specificity of this 
test has been improved by simultaneous infusion of a NOS 
inhibitor, which unmasks the eNOS-independent part of the 
ACh response. Although the ACh test has received substantial 
critique because of its indirect nature, direct measurements of 
regional endothelial NO production in humans are lacking. 

The rapid metabolism and short half-life of NO poses a 
considerable obstacle for its analytical assessment in humans. 
Although NO can be sensitively determined with different 
sophisticated assays (9-12), most of these techniques are either 
not suitable for the in vivo setting with complex matrices, such 
as blood, or require sophisticated techniques neither available 
nor applicable in the clinical routine (11). This is the reason why 
still to date eNOS activity is commonly assessed by determining 
the plasma concentration of nitrate or that of total NO x , i.e., the 
sum of nitrite and nitrate (6). The rationale for this approach is 
based on the experimental findings that NO is converted to 
nitrite and nitrate when inhaled or added to blood, and that 
nitrite is further oxidized to nitrate by the hemoglobin (Hb) 
contained in red blood cells (RBC; ref. 12). The reliability of this 
approach, however, requires critical reassessment because 
plasma nitrate levels are known to be influenced by a variety of 
NOS -independent factors (10, 12). Furthermore, the high back- 
ground concentration of nitrate and its relatively long half-life in 
comparison to nitrite raises questions as to the sensitivity of NO x 
for detection of eNOS activity. Recently, two independent 
groups reported an arterial -venous gradient of nitrite (13) and 
total NO x (14) in humans, and the authors of one of these articles 
suggested that nitrite may have bio activity in its own right. 

In the present study, we sought to critically evaluate the 
diagnostic accuracy of nitrite and nitrate measurements for the 
assessment of regional NOS activity in vivo. We specifically 
intended to test the hypothesis that nitrate and total NO x 
accurately reflect acute changes in eNOS activity in humans. A 
second objective of our study was to test the hypothesis that 
circulating nitrite plays a role in the regulation of vascular tone. 
To achieve these goals, forearm arterial and venous plasma levels 
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of nitrite and nitrate were measured at rest, during regional 
inhibition and stimulation of NO synthesis, and during applica- 
tion of nitrite. Blood flow was measured at the same time and 
related to the different N-oxide concentrations determined in 
arterial and venous blood. Our results demonstrate that nitrite, 
although vasodilator-inactive at physiological concentration, is 
the only N-oxide that accurately reflects acute changes in 
regional NOS activity. These results challenge the current par- 
adigm on the metabolism of NO in human blood. 

Methods 

Chemicals and Solutions. N G -monomethyl-L-arginine (l-NMMA) 
and ACh were from Clinalfa (Schwalbach, Germany). Sodium 
chloride, sodium nitrite, and EDTA were purchased from 
Merck. All other chemicals were from Sigma-Aldrich 
(Taufkirchen, Germany). All solutions were prepared fresh in 
saline and kept on ice in the dark until use. 

Characteristics of the Study Population. The final study sample 
consisted of 24 healthy volunteers screened by clinical history, 
physical examination, and routine chemical analysis. None of 
these subjects was on a regular medication, was a smoker, or 
revealed present or past evidence of cardiovascular diseases 
known to affect endothelial function such as hypertension, 
hypercholesterolemia, chronic heart failure, or diabetes mellitus. 
Further laboratory tests also excluded elevated levels of C- 
reactive protein (CRP). Participants in the study were instructed 
to refrain from drinking alcohol and caffeine-containing bever- 
ages at least 12 h before investigation. The study protocol was 
approved by the ethics committee of the Heinrich-Heine- 
Universitat, and all subjects gave written informed consent 
before participating in the study. 

Forearm Blood Flow (FBF) Measurements. FBF was measured si- 
multaneously in both arms by a mercury in rubber strain-gauge 
plethysmography technique described in detail elsewhere (15) 
and expressed in ml/min/100 ml of tissue. For each determi- 
nation, five FBF measurements were performed, and the results 
were averaged. Resting FBF was additionally determined as 
described (16) and amounted to 200 ± 15 ml/min. A2F catheter 
was inserted into the brachial artery of the nondominant arm for 
local drug infusion and continuous measurement of intraarterial 
blood pressure. A 4F catheter was placed into the antecubital 
vein for blood sampling. 

Measurement of Plasma Nitrite and Nitrate. Nitrite was measured by 
using a flow injection analysis technique that is based on the 
Griess reaction and has been described in detail elsewhere (17). 
Blood sampled from either the brachial artery or the deep 
antecubital vein was immediately mixed with a precooled solu- 
tion comprised of NaCl (0.9%) and citrate (3.8%). After cen- 
trifugation (10,000 X g) for 5 min at 4°C, the supernatant was 
subjected to ultrafiltration (cut-off 10 kDa; Centrisart, Sartorius, 
Gottingen, Germany). The resulting ultrafiltrate was kept on ice 
for up to 30-60 min until analysis. Plasma nitrate was deter- 
mined by using HPLC with direct UV detection, essentially as 
described (18). 

Protocol. Investigations typically started at 8:00 a.m. and lasted 
for ~3-4 h. Subjects were in a supine position in a quiet 
air-conditioned room maintained at a constant temperature of 
21 ± 1°C. Twenty minutes after finishing the preparations the 
different infusion protocols, including saline controls, were 
performed in random order. Intraarterial infusion rates ranged 
from 0.4 to 4 ml/min. ACh was infused intraarterially at three 
different doses (1, 3, and 10 /xg/min). After cessation of the 
infusion, FBF returned to baseline within «5 min. Subsequently, 
L-NMMA was infused at increasing doses (4, 8, and 12 



/xmol/min) to inhibit eNOS. Fifteen minutes after each dose of 
L-NMMA, a second dose-response curve for ACh was com- 
pleted. D- and L-arginine were administered at a rate of 200 
/xmol/min for 15 min. Blood flow measurements and the 
drawing of arterial and venous blood samples for biochemical 
analysis of nitrite and nitrate were performed under basal 
conditions and during each intervention. The venous- arterial 
difference for nitrite across the forearm circulation was calcu- 
lated by correction of venous nitrite concentrations for nitrite 
entering from the arterial side. NO release was estimated as the 
product of FBF (normalized to 100 ml of tissue) times the 
venous- arterial difference in nitrite concentration. 

Statistical Analysis. Data processing was performed with the 
different modules of the software package SPSS release 8.0 
(SPSS, Chicago). Data are given as the means ± SEM, unless 
otherwise stated, and two-sided P values of <0.05 were consid- 
ered significant. A two-way ANO VA for repeated measures with 
consecutive Bonferroni post hoc tests was used to test for 
differences from control in the dose-dependent changes in FBF, 
venous-arterial differences of nitrite and NO release during 
infusion of ACh, with and without simultaneous L-NMMA- 
infusion. Univariate linear regression (Spearman rank) tests 
were performed to evaluate the relationship between changes in 
FBF and NO release. 

Results 

The study population consisted of 16 men and 8 women, 30 ± 6 
years of age, with a mean body length of 177 ± 8 cm and a body 
mass of 69 ± 8 kg. At the time of investigation, heart rate was 
determined to be 68 ± 7 min -1 , and mean arterial blood pressure 
was 87 ± 11 mmHg. At the doses applied for local infusion, 
neither ACh nor L-NMMA exerted systemic vasoactive effects, 
as judged by the lack of effect on blood pressure, heart rate, and 
FBF in the control arm. 

Plasma Nitrite/Nitrate Concentrations at Baseline. Baseline levels of 
nitrite, measured at the same time in the brachial artery and in 
the antecubital vein, amounted to 322 ± 42 and 305 ± 43 
nmol/liter (n = 24; range: 227-428 nmol/liter). No significant 
arterial-venous nitrite gradient was observed. In 16 of the 24 
individuals investigated, basal arterial concentrations of nitrite 
were slightly higher than venous levels, whereas in the other 8 
individuals nitrite levels were found to be higher in the antecu- 
bital vein than in the brachial artery (Fig. 1). Resting levels of 
arterial and venous plasma nitrate were not significantly differ- 
ent from each other and amounted to 25.3 ± 1.8 and 25.1 ± 1.9 
/xmol /liter, respectively. 
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Fig. 1. Nitrite concentrations at baseline in arterial and venous plasma 
samples of the 24 individuals enrolled in the study. Individual plasma level (O) 
and mean data (•) ± SEM are presented. 
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Fig. 2. FBF and venous N0 2 ~, N0 3 ~, and NO x levels at baseline (C, control) 
and during increasing i.a. doses of L-NMMA (4, 8, and 12 jumol/min); means ± 
SEM; n = 8. The * indicates significant difference from control (P < 0.05). 
Note differences in they-axis scale between NO2" and NO3" concentrations 
(nM vs. juM). 



Effect of eNOS Inhibition on Plasma Nitrite/Nitrate and FBF. In a 

subset of 8 volunteers, infusion of L-NMMA dose-dependently 
reduced FBF from 2.7 ± 0.3 down to 0.7 ± 0.3 ml/min/100 ml 
of tissue (P < 0.05) at the highest dose administered (Fig. 2). In 
parallel, venous plasma nitrite concentrations stepwise de- 
creased from 321 ± 51 nmol/liter to a minimum of 131 ± 26 
nmol/liter (P < 0.05) at 12 /xmol/min L-NMMA. In contrast, 
venous plasma nitrate concentrations (23.5 ± 1.7 /xmol/liter) 
remained virtually unchanged at each dose of NOS-inhibitor 
infused. Arterial nitrite and nitrate concentrations did not 
change significantly during L-NMMA infusion (data not shown), 
which is in agreement with the lack of systemic effects on local 
infusion of the NOS inhibitor. The effect of L-NMMA could be 
almost fully reversed by coinfusion of a 10-fold molar excess of 
L-arginine (n = 8). 

Plasma Nitrite/Nitrate and FBF Changes After Stimulation of eNOS. 

Intraarterial infusion of ACh augmented FBF almost 4-fold and 
increased venous plasma nitrite from 322 ± 41 nmol/liter up 
to 550 ± 102 nmol/liter (P < 0.05; Fig. 3). As with eNOS 
inhibition, stimulation with ACh did not result in a significant 
change in venous plasma nitrate concentration. Furthermore, 
systemic arterial nitrite and nitrate levels remained unaffected 
during infusion of ACh (data not shown). Consequently, the 
venous- arterial difference for nitrite increased to 89 ± 40, 146 ± 
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Fig. 3. FBF and venous N0 2 ", N0 3 ~, and NO x levels at baseline (C, control) 
and during increasing i.a. doses of ACh (1, 3, and 10 jug/min); n = 24. The * 
indicates significant difference from control (P < 0.05). Note differences in the 
y-axis scale between NO2" and NO3" concentrations (nM vs. ^M). 
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Fig. 4. Calculated NO release during infusion of different doses of ACh (1, 3, 
and 10 /u-g/min) with and without (C, control) simultaneous inhibition of 
eNOS (4, 8, and 12 ^mol/min L-NMMA i.a.); n = 8.(*,P< 0.05; **, P < 0, 01). 

34, and 245 ± 100 nmol/liter at dose levels of 1, 3, and 10 
/xg/min ACh, respectively. Calculated NO release during step- 
wise increases of intraarterial doses of ACh increased more than 
10-fold to a maximum of 3,200 ± 800 pmol/ min/100 ml of tissue 
(Fig. 4). During simultaneous infusion of L-NMMA, the ACh- 
induced increase in NO release was dose-dependently reduced. 
The level of NOS inhibition achieved was >90% (P < 0.01) at 
the highest dose administered as judged by comparison of net 
plasma nitrite increases in the absence and presence of L- 
NMMA. Neither inhibition of cyclooxygenase by acetylsalicylic 
acid (500 mg i.v.) nor of endothelium-derived hyperpolarizing 
factor production by ouabain (i.a. infusion of 5 /xg/min) had any 
influence on the increase in plasma nitrite and FBF in response 
to ACh (n = 3 for each intervention). In 3 further experiments, 
L-arginine (200 /xmol/min) induced a marked increase in plasma 
nitrite (165 ± 21%), which was accompanied by a parallel 
dilation of resistance arteries in the forearm circulation (61 ± 
8%). This effect was stereospecific, because infusion of the same 
dose of D-arginine had no effect on either parameter (A N0 2 ": 
1.8 ± 0.6%; A FBF: -1.3 ± 0.5%). 

Effects of Papaverine and Nitrite on Plasma Nitrite/Nitrate and FBF. 

Additional control experiments with the endothelium- 
independent vasodilator papaverine demonstrated that increases 
in FBF are not necessarily accompanied by changes in plasma 
nitrite concentration. Local application of a 3 /xmol bolus of 
papaverine directly into the brachial artery produced a 382 ± 
21% increase in FBF, which was comparable in extent to that 
elicited by the highest dose of ACh. In contrast to the latter, 
however, plasma nitrite (-0.1 ± 0.5%) and nitrate (1.6 ± 1.2%) 
levels did not change (n = 3). 

Intraarterial application of nitrite (NaN0 2 in 0.9% saline) was 
found to be devoid of vasodilator activity at doses up to 36 
/xmol/min (tested range: 0.01-36 /xmol/min; n = 3). Venous 
plasma nitrite concentrations achieved at the highest dose level 
exceeded 130 /xM and were thus ^200 times greater than the 
concentrations measured during maximal eNOS stimulation 
with ACh. Only minimal conversion of nitrite to nitrate was 
observed on passage through the forearm circulation when 
nitrite concentrations were kept within the physiologically rel- 
evant concentration range (200-1,000 nM), and 92-97% of the 
applied nitrite was typically recovered on the venous side (see 
Table 1). However, venous nitrate concentrations increased 
significantly with nitrite infusion rates >300 nmol/min (n = 2; 
data not shown). Nitrate (NaN0 3 in 0.9% saline) was devoid of 
any vasodilator activity at doses up to 36 /xmol/min (n = 2). 
These results rule out the possibility that physiological plasma 
concentrations of nitrite and nitrate exert regional vasodilator 
activity and further demonstrate that little nitrite is converted to 
nitrate during transit through the forearm vasculature. 
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Table 1. Effect of intraarterial infusion of nitrite on venous 
plasma nitrite concentration and FBF in one representative 
individual (for details see Results) 



Nitrite Theoretical Measured Estimated AFBF, 

infusion, venous NO2", NOJ, recovery, ml/min/100 

nmol/min AjutM AfxM % ml of tissue 

10 0.05 0.046 92 0 

30 0.15 0.145 97 -0.1 

100 0.50 0.469 94 0 



Theoretical nitrite concentrations in venous blood were estimated based 
on a resting flow through the forearm circulation of «200 ml/min. Venous 
plasma nitrite concentrations were measured in samples drawn 1 min after 
start of nitrite infusion and were corrected for arterial nitrite inflow (basal 
arterial NO2 concentration: 262 nM). 

Relationship Between NO Release and Changes in FBF. A plot of the 
venous- arterial difference of plasma nitrite and FBF data (n = 
69) revealed a highly significant positive association with a 
correlation coefficient of r = 0.72 (r 2 = 0.52; P > 0.001). The 
relationship between the ACh-induced NO release into the 
forearm circulation and the increase in FBF with and without 
L-NMMA coinfusion is depicted in Fig. 5. The respective cor- 
relation coefficient amounted to r = 0.85 (r 2 = 0.73; P < 0.001), 
indicating that the difference in plasma nitrite concentration 
could explain, with 73% probability, the extent of FBF response 
to ACh. In contrast, no significant correlation was observed 
between venous nitrate or NO x levels and FBF (r = 0.10; P = 
0.78). Furthermore, the increase in N0 2 ~ always closely pre- 
ceded the increase in FBF (n = 4; Fig. 6), whereas nitrate 
concentrations remained unchanged. 

Discussion 

The key findings of the present study are (/) plasma concentra- 
tions of nitrite sensitively reflect acute changes in regional eNOS 
activity; (a) plasma nitrate and total NO x levels do not change 
during pharmacological modulation of the L-arginine:NO path- 
way; (Hi) in healthy subjects, ACh-induced blood flow responses 
and plasma nitrite increases are almost entirely mediated by 
eNOS, and 12 /xmol/min L-NMMA is required for complete 
NOS inhibition in the human forearm circulation; and (iv) 
physiological concentrations of plasma nitrite are vasodilator- 
inactive. 

Critique of Methods. The measurement of plasma nitrite in 
samples taken from the antecubital vein does not allow us to 
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Fig. 5. Relationship between NO release and FBF. Responses in individual 
subjects during increasing doses of ACh (1, 3, and 10 jug/min) with and 
without simultaneous inhibition of eNOS (4, 8, and 12 ^mol/min L-NMMA 
i.a.). Experimental data from 8 individuals are depicted. Spearman rank 
correlation coefficient for single data points: r = 0.85, r 2 = 0.73; P < 0.001. 
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Fig. 6. Comparison of the time course of ACh-induced changes in FBF and 
NO2" concentration in one representative individual. ACh was infused for 40 
sec at a dose of 10 jug/min. *1 indicates the time of maximal N0 2 " concen- 
tration and *2 indicates the time of maximum FBF. 



determine which contribution the arterial, capillary, and venous 
endothelial cells make to the overall signal. Immunohistological 
and functional studies, however, indicate that eNOS expression 
along the vascular tree decreases with decreasing vessel size. 
Major sites of eNOS, and presumably also of NO formation, 
seem to be the large and small conduit, resistance, and feeding 
arteries, whereas a considerably lower activity is present in the 
veins and a negligible portion in the capillaries (19, 20). Thus, the 
majority of nitrite detected in the venous forearm effluent is 
likely to originate from the arterial side. 

Origin of Plasma Nitrite and Nitrate and NO Metabolism in Blood. It 

has been shown in fasted healthy volunteers that the major 
source of plasma nitrite is the L-arginine:NO pathway (21). The 
plasma concentration of nitrite in a particular vascular bed 
depends on the overall rate of formation of NO and related 
N-oxides and their subsequent interaction with reactive oxygen 
species, thiols, and other biomolecules such as Hb (22-24). In 
addition, the plasma concentration is affected by the amount of 
nitrite entering from the arterial side and the rate of diffu- 
sion/uptake into either blood cells or tissue or the interstitial 
space. As a result of the complexity of NO metabolism in the 
different compartments, little is known about the kinetics and 
fate of endothelial NO in blood. In vitro studies revealed that in 
the presence of oxygen, NO is rapidly oxidized to nitrite, obeying 
pseudo-first -order kinetics with a strict 1:1 stoichiometry (25- 
27). Plasma nitrite is rapidly taken up by RBCs where it is 
oxidized in an Hb-dependent manner to nitrate, which is sub- 
sequently released into plasma (28). An alternative metabolic 
pathway includes direct interaction of NO with Hb in the 
erythrocyte. Depending on the oxygenation state of the 
hemeprotein, NO can either react with oxyHb to form metHb 
and nitrate (29) or with deoxyHb to form nitrosylHb (NOHb; 
refs. 13 and 24). The latter may interconvert, by reaction with the 
sulfhydryl group of the Cys 93 of the /3-globin chains, to form 
5-nitrosated Hb (SNO-Hb; ref. 24) or slowly degrade to nitrite 
(30). Given that the reaction of NO with Hb outcompetes that 
with molecular oxygen by at least one order of magnitude 
[second-order rate constants for the reaction of NO with oxyHb 
and deoxyHb are in the range of 3-5 X 10 7 M'V 1 (29, 31), 
whereas the third-order rate constant for the NO autooxidation 
is 6.3 X 10 6 M'V 1 ) (32)], our finding that plasma nitrite 
selectively increased during eNOS stimulation is surprising. 
Although NO autooxidation is accelerated in hydrophobic en- 
vironments (33), it may still not be fast enough to account for this 
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reaction. Because NO is predominantly formed in the larger 
vessels (19, 20) where 90-95% of Hb is in the oxygenated form, 
the NOHb/SNO-Hb chemistry is similarly unlikely to account 
for nitrite formation because » 10 times more nitrate than nitrite 
should have been formed under these conditions. If the reaction 
of NO with oxyHb occurred to any significant extent in vivo, 
nitrate would be expected to be the major product of NO 
metabolism in blood and little or no nitrite should be formed. 
Our results clearly demonstrate that this was not the case. If one 
assumes that, according to the diffusion concept of NO, 50% 
goes to the vascular lumen and 50% to the abluminal space, one 
would expect equal amounts of nitrite and nitrate to be formed, 
which should translate into comparable changes in nitrite and 
nitrate concentration. Although small, a nitrate increase of «*4% 
would have been analytically detectable. However, only changes 
in plasma nitrite were measured in the forearm circulation after 
eNOS stimulation and inhibition, respectively, suggesting that 
the NO:oxyHb reaction plays only a minor role for the inacti- 
vation of NO in vivo, and a sizeable portion of endothelium- 
derived NO undergoes metabolism via other routes. Alterna- 
tively, conversion of NO to nitrite may occur at the surface of 
endothelial cells via a yet unknown pathway, the rate of which 
must be well above that of the NOroxyHb reaction. One such 
pathway might be represented by the interaction with the 
peroxidase/H 2 0 2 system. Recent in vitro studies suggested that 
mammalian peroxidases may serve as a catalytic sink for NO 
(34). Interestingly, one presumed intermediate formed, nitro- 
sium cation (NO + ), is known to be rapidly hydrolyzed in aqueous 
solution to form nitrite. It is also possible that the conversion of 
NO to nitrite is a result of the breakdown of circulating S- 
nitrosothiols or enzymatically catalyzed by vascular cells, al- 
though such an activity has not yet been described. At present, 
there is no way to distinguish which fraction of plasma nitrite is 
derived from NO directly and which from NO -related ad ducts 
and metabolites. 

In contrast to nitrite, we demonstrate here that plasma nitrate 
levels do not change and thus do not correlate with FBF — 
neither at rest nor during inhibition or stimulation of NOS. This 
finding does not come as a complete surprise as this parameter 
is known to be influenced by a variety of NOS-independent 
factors, including dietary nitrate intake, saliva formation, bac- 
terial nitrate synthesis within the bowels, denitrifying liver 
enzymes, inhalation of atmospheric gaseous nitrogen oxides, and 
renal function (12, 35). Furthermore, with 5-8 h its half-life in 
humans (35) is considerably longer than that of nitrite. Hence, 
although frequently used, neither nitrate nor NO x are reliable 
markers of acute changes in regional eNOS activity. Our results 
do not rule out the possibility that some nitrate was formed from 
NO inside RBCs. Additional analysis of changes in ni- 
trite/nitrate concentration in this cellular compartment was 
beyond the scope of the present study. It is conceivable, however, 
that the exchange of nitrate across the erythrocyte membrane is 
a rather slow process which exceeds the average transit time of 
blood through the human forearm circulation (^4 s at rest). 
Moreover, the total amounts of nitrate formed via this pathway 
are relatively small and therefore might not be detectable against 
the high background in plasma (compare nM levels of N0 2 " to 
levels of N0 3 " in Figs. 2 and 3). 

To the best of our knowledge, no experimental data are 
available on the half-life of NO in whole blood. From in vitro data 
it has been estimated to amount to 1.8 ms (36). However, this 
calculation is based on the assumption that the reaction with 
oxyHb is the major determinant of NO metabolism in vivo, which 
may be incorrect (see above). Furthermore, these calculations 
did not take into account that — presumably because of the 
formation of an RBC-free zone near the vessel wall — 
intravascular flow decreases erythrocyte consumption of NO by 
about 3 orders of magnitude (37, 38). Our finding that nitrite 



levels drop dramatically after regional NOS inhibition suggests 
that the half -lives of both NO and nitrite in the human vascu- 
lature are indeed very short. The >50% reduction of resting 
nitrite levels seen at the highest dose of L-NMMA used further 
indicates that more than half of the nitrite measured in the 
venous samples originates from the forearm vasculature. The 
relatively large negative arterial-venous gradient observed dur- 
ing maximal NOS inhibition suggests that nitrite is either rapidly 
converted to nitrate (which may have escaped our attention as 
a result of the reasons outlined above) or taken up by the 
vasculature or circulating blood cells. Little is known about the 
uptake and metabolism of nitrite by vascular cells. However, 
RBCs have a high capacity for nitrite uptake (22) and can 
accumulate this anion against a concentration gradient (39). It 
is conceivable, therefore, that the effect of L-NMMA on ni- 
trite/nitrate plasma levels is the result of an unmasking of a 
continuous flux of nitrite from the endothelial surface to the 
RBC-rich core layer of the vascular lumen. Our data with 
L-NMMA are consistent with the idea that when NOS synthesis 
is blocked, but nitrite uptake by the RBCs continues, a negative 
arterial-venous gradient for nitrite ensues. 

Because only individuals with normal CRP levels were in- 
cluded in the present study, a confounding influence on nitrite 
levels caused by the expression of inducible NOS (iNOS) in the 
forearm vasculature is unlikely. If this iNOS expression would 
have occurred, its activity would likely have resulted in micro- 
molar rather than nanomolar plasma nitrite levels, and these 
would have changed little on stimulation with ACh. Because 
neuronal NOS is predominantly expressed in neurons and 
skeletal muscle, this NOS isoform is not expected to release 
relevant amounts of NO into the vascular lumen (31). Hence, our 
results also demonstrate that the majority of plasma nitrite under 
basal and stimulated conditions is of eNOS origin. 

Nitrite as Delivery Source of Intravascular NO. Recently, two groups 
independently reported that an arterial-venous gradient exists 
for nitrite (13) and NO x (14) in humans. The former was 
interpreted to mean that circulating nitrite represents a novel 
delivery source for intravascular NO as its consumption in- 
creased with handgrip exercise during regional NOS inhibition 
(13). Our data confirm that there is indeed a difference between 
mean arterial and venous nitrite concentration under resting 
conditions, even though it did not reach statistical significance. 
A closer look at the data set, however, revealed that this 
difference was the result of the relative higher frequency of 
positive compared with negative arterial-venous gradients. In 
fact, in 8 of 24 individuals this ratio was exactly opposite, casting 
doubt as to the assumption that resting nitrite levels may be 
bio active. The complete lack of vasodilator activity of intraar- 
terial infusion of nitrite clearly rules out any role for this 
metabolite in NO delivery. Furthermore, infused nitrite was 
recovered almost quantitatively on the venous side when applied 
at physiological concentrations. Nitrite did not dilate the fore- 
arm vasculature when applied at concentrations achieved during 
maximal eNOS stimulation with ACh (see Fig. 3 and Table 1), 
even when infused at > 100-fold higher doses. 

Diagnostic Accuracy of Nitrite, Nitrate, and Total NO x . The specificity 
of plasma nitrite as an indicator of regional NO formation was 
shown under basal and stimulated conditions. We have demon- 
strated that plasma nitrite levels change with eNOS stimulation 
and inhibition in a dose-dependent manner. Moreover, the 
increase in plasma nitrite directly precedes the augmentation of 
FBF. The measured concentration range of plasma nitrite levels 
(228-428 nmol/liter under baseline conditions) is in good 
agreement with in vitro data on flow-induced release of NO from 
cultured endothelial cells (26). Application of the natural sub- 
strate of eNOS, L-arginine, stereospecifically increased resting 
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plasma nitrite levels and led to a dilation of resistance arteries. 
In contrast, competitive inhibition of eNOS had the opposite 
effect with a more than 60% decrease of plasma nitrite concen- 
tration and a 70% decrease in FBF compared with resting 
conditions. Despite a 4-fold increase in FBF during maximal 
ACh stimulation (and the resultant 4-fold higher dilution of NO 
in the blood), plasma nitrite concentrations increased by 71% 
and the net venous-arterial difference of nitrite across this 
vascular bed increased by 245 nmol/liter, indicating an active 
eNOS-mediated process. In contrast, incubation of human whole 
blood with ACh in vitro did not affect basal plasma nitrite 
concentration (n = 3; data not shown). 

During L-NMMA infusion, ACh-induced vasodilation de- 
creased in a concentration-dependent manner and was almost 
blunted at the highest dose. A close relationship was observed 
between the "biochemical index" for NO release (plasma nitrite) 
and the "biological signal" (FBF). The strongest evidence for the 
specificity of nitrite as a marker for regional NO production 
comes from our studies with the endothelium-independent 
vasodilator papaverine. This compound increased FBF without 
affecting plasma nitrite and nitrate concentrations. As judged 
from the increase in FBF elicited by papaverine, NO production 
must have increased at least 4-fold under these conditions 
because venous nitrite concentrations did not change signifi- 
cantly. These data not only demonstrate the specificity of the 
response seen with ACh, but furthermore suggest that rates of 
endothelial NO production can be rapidly adjusted to changes in 
flow to keep local NO concentrations at the same level. The lack 
of effect of papaverine on plasma nitrite levels further rules out 
the possibility that the changes in nitrite seen with ACh or 
L-NMMA are caused by a washout phenomenon, i.e., the 
redistribution of nitrite from the interstitial space or RBCs 
secondary to changes in flow. 
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NO and ACh Response. L-NMMA is a selective and stereospecific 
NOS inhibitor without intrinsic vasoconstrictor properties (40, 
41). Considering that the NO release is a product of the net 
venous- arterial concentration difference of nitrite (luminal re- 
lease) times FBF (abluminal release), the data of the present 
investigation are in keeping with previous studies, all of which 
were limited to measure only vasoconstriction as parameter for 
the abluminal release. This general vasoconstrictor response was 
shown in clinical and experimental settings as diverse as human 
forearm and coronary circulation, isolated organs, rat, or porcine 
vessels (40, 41). In human forearm circulation, the commonly 
used concentration of L-NMMA ranges from 1 to 8 /xmol/ min, 
which is lower than the maximal dose applied in the present 
study. In response to endothelium-dependent stimulation, a 
20-60% reduction in FBF was reported. We show here that 
higher doses of L-NMMA result in a further decrease in blood 
flow, which is paralleled by an almost entirely blunted NO 
release at 12 /xmol/min L-NMMA. Thus, at least in healthy 
humans, ACh responses are almost exclusively eNOS-mediated, 
and the appropriate dose for sufficient eNOS inhibition in the 
human forearm amounts to 12 jwmol/min L-NMMA. 

In conclusion, the measurement of plasma N0 2 ~ accurately 
reflects acute changes in eNOS activity in the human forearm 
circulation, and thus may help to further elucidate the patho- 
physiological significance of an altered eNOS activity in disease 
states known to be associated with endothelial dysfunction. 
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